A rh ip id istia n p a ire d fin, m ad e to assum e th e p o sitio n o f a p rim itiv e te tra p o d lim b, w ould suffer c ertain m odifications w hich th ro w lig h t on th e origin o f th e la tte r a n d on th e hom ology o f its elem ents. T he new th e o ry h ere sta te d , a n d t h a t o f G regory a n d R a v e n (from w hich it differs in several po in ts), are ra d ic a lly differen t from all h ith e rto p roposed.
te tra p o d s is in gen eral ag re e m e n t w ith th e m a in resu lts o f th e new th e o ry , w hich alone e x plain s th e relatio n sh ip s o f th e rad iale (tibiale) in m a n y form s.
M any p eculiarities o f th e te tra p o d lim b seem to be relics o f c h a ra c te rs of th e rhipidistian. fin.
E a c h m esom ere a n d p re a x ia l ra d ia l o f th e rh ip id istia n p a d d le w as p ro b a b ly re la te d to one m y o to m e. R elics o f th is co n d itio n seem to b e fo u n d in th e seg m en tal m o to r in n e rv a tio n of th e m uscles o f h u m a n e x tre m itie s.
T he relatio n sh ip b etw een p a ire d fins in D ipnoi, C oelacan th in i a n d R h ip id istia is discussed.
. I n t r o d u c t i o n
The long-standing problem of the evolution of the ' cheiropterygium ' from a fish fin is now much nearer solution with the positive recognition of the fish ancestors of the tetrapods among the rhipidistian Crossopterygii (cf. Westoll 1943 for review).
The structure of the paired fins in these forms is known in chopterus and Eusthenopteron, and less completely in Megalichthys, and a few other forms, which seem to follow the same general pattern. The earlier comparisons with sharks and with Polypterus (which is certainly an actinopterygian) need no longer be quoted. The general similarity between the skeleton of the rhipidistian paddle and the tetrapod limb has been recognized since the time of Hall; nevertheless, the exact correspondence of parts which might have been ex pected is not immediately obvious, and there have been many different attempts to relate the two types of limb structure-e.g. by Watson (1913) , Broom (1913) , Gregory (1915) , Petronievics (1918) , Gregory, Miner & Noble (1923) , Romer & Byrne (1931) , Holmgren (1933 Holmgren ( , 1939 , Gregory (1935) , Howell (1935, etc.) , Steiner (1935) , and others. The earlier accounts are essentially concerned with the discovery by formal comparison of the 'main axis' of the supposedly primitive archipterygium in the tetrapod limb, and of homologues of the usual five tetrapod digits in the fish fin; each finger was usually homologized with a single endoskeletal ray. Most authors who have used the rhipidistian comparison agree in finding the main axis near the postaxial side of the tetrapod limb, e.g. between digits III-IV (Steiner) , in the line of digit IV (Watson, Gregory, 1935) , between IV and V (Petronievics), along V (Gregory et al. 1923) , or in the pisiform (Broom) . Others, starting from retical or dipnoan biserial archipterygium, have found the main axis in digit III (Huxley, Marsh), or II (Goette, Wiedersheim), while Holmgren finds it between I and II in urodeles. Romer & Byrne (1931) considered that the previously accepted orientation of the rhipidistian paddle is incorrect, and on their scheme the element usually called ' radius ' in Eusthenopteron and Sauripterus is the ulna, and the main axis must be near the preaxial margin. Howell (1935) follows the same plan of orientation, and finds the axis of the rhipidistian limb in the first finger of the tetrapod, though he mistakenly places the radiale and precentrale (see later) of Eryops as parts of digit I. Steiner (1935, p. 717) sums up: 'Kurzum, es ist nicht eine Konstruktion unversucht geblieben, um die Tetrapodenextremitat auf die verschiedenartigen Radiensystemen eines uni-oder biseriale • Archipterygium zu beziehen'.
Holmgren seems to have been the first to insist (1933) on the importance of the fin-like early stages of the developing limb of some urodeles, and noted that the tip of the fin, and thus presumably the main axis, lies in these forms between digits I and II. Gregory & Raven have recently (1941) suggested a scheme more satisfactory than any so far proposed, in which they find the metapterygial axis running through humerus, intermedium and two centralia to emerge between digits I and II. I had come to somewhat similar conclusions from analysis along the lines of the present paper, and gratefully acknowledge the stimulus of Gregory & Raven's account. However, those authors do not seem fully to have appreciated the mechanism of the transition, and their theory in detail is not in complete accord with the evidence from embryology of living forms.
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2 . T r a n s f o r m a t i o n o f r h i p i d i s t i a n p a d d l e i n t o w a l k i n g l i m b I have for some time been investigating the paired fins of early fishes, and have given much attention to the Crossopterygii and Dipnoi. It has always seemed to me that the process of transformation to a walking limb involved fundamentally only the differential emphasis of movements and of structures already character istic of, or possible in, the fish fin, and that discontinuous changes (such, for ex ample, as those postulated by Romer & Byrne (1931) ) are most unlikely. One of the first difficulties has been to understand the orientation and range of movement of the rhipidistian paddle. Briefly, it is now clear that the pectoral and pelvic fins were similarly held, that the preaxial margin of each fin is usually marked by stronger dermal rays, and that the main axis of mesomeres is not preaxial. The fin is often preserved applied to the flank, preaxial margin downwards, flexor surface turned to the flank; in this position the plane of the fin must have been nearly vertical (figure 1a , b ) . From this 'trailing' position the fin could be extended laterally, when it was probably normally held nearly in the horizontal plane (figure 1a). This movement involves therefore a rotation of the plane of the fin about its long axis, a movement comparable in kind with, and probably rather similar in extent to, the extension of a bird's wing. In dorso-ventral compressions seen from the ventral side, the paired fins may be preserved in two main orienta tions-if in the trailing position, the preaxial margins are mesial, but if extended, the preaxial margins are antero-lateral. It appears therefore that the pectoral fin, when applied to the flank in the trailing position, had its preaxial edge downward, a condition rare in living fishes; Ceratodus, Polypterus, Amia and other forms all have the preaxial edge upwardly directed when the fin is trailing. On the other hand, the pelvic fins of several of these forms resemble those of Rhipidistia in their orientation when trailing. The rhipidistian pectoral and pelvic fins, then, were held in a similar manner; my observations on Scaumenacia and other early Dipnoi suggest that the same was true for them.
The mode of use of such fins is somewhat uncertain in view of the absence of full information concerning the musculature; I have not so far been able to make satisfactory preparations of uncrushed material of either the scapula or the pelvic girdle. In view of the narrowness of the proximal part of the fin skeleton it is probable that considerable rotation about the fin axis could be induced, and a rather wide range of functions was no doubt possible. It is almost certain that the fins were used both as keels (when fully extended in the horizontal plane) and as brakes (when partly extended in a vertical plane). They might also perhaps have been used for slow paddling locomotion, the forward (recovery) stroke involving rotation to the horizontal plane and extension, the backward (propulsive) stroke involving rotation to the vertical plane and retraction. If the fin were sufficiently long the type of movement just mentioned could easily become a rough and ready means of contact locomotion, but it would be very inefficient since the force would bear on the delicate edge of the fin. Any attempt at efficient 'crawling' would appear to involve a different technique; a more extensive forward swing (or a more forward placing of the bearing region of the limb at the beginning of the propulsive stroke) and a larger bearing surface would be almost essential; and any slipping, sliding or skidding affecting the bearing surface would be very wasteful of energy. It is clear, from the study of fossil footprints of early tetrapods, that the bearing surface did not suffer excessive skidding or rotational slipping during the stride, and it will be as well to consider the attainment of this condition from the start. There are two main types of endoskeleton of the rhipidistian paddle. The pattern of Eusthenopteron is repeated in its close ally and apparently also in Megalichthys; in it each preaxial ray is simple. The Sauripterus fin is somewhat more elaborate, and the preaxial rays show more or less dichotomous branching. Many investigators have chosen the Eusthenopteron pattern as a basis for argument, others have used Sauripterus. For reasons which will be clear later on, the simpler type is taken here as the basic pattern; the Sauripterus paddle is very broad, and it is reasonable to suppose that the type ancestral to the tetrapod limb was not so expanded. In Eusthenopteron there are five 'axial' mesomeres in the pectoral, four in the pelvic fins; in the Sauripterus pectoral there are four (or five). A fin suitable for transformation into a walking limb would probably be rather elon gated ; as will shortly be clear, the initial assumption will be made that the ancestral pectoral fin had six mesomeres (five well developed and one rudimentary); and since the tetrapod hand and foot are constructed on essentially similar lines, the same structure will be taken as basic for the pel vies.
Such a fin is shown diagrammatically, abducted from the body, in figure 1a, f . Each mesomere is drawn out distally and postaxially into a short process, and bears a preaxial radial, besides articulating with a more distal mesomere (if present). The postaxial process is not present on every mesomere of ; it is here regarded as potential even where not developed. Moreover, in Ceratodus (and probably in some Rhipidistia, e.g. in Sauripterus) separate postaxial rays develop in the same position as these processes on some mesomeres; this is likewise regarded as a potential development in Rhipidistia, since the Rhipidistia and Dipnoi had probably not long separated from a common ancestor in the Middle Devonian. Such a fin structure may now be considered taking up a position affording a broad bearing surface, that is, with the proximal segment directed laterally, the more distal part bent down (figure 1 c) ; the flexor surface thus splays out on the ' ground \ F ig u r e 1. P o s s ib le c h a n g e s in t h e r h i p id i s ti a n p a d d le d u r i n g d e v e lo p m e n t o f a w a lk in g h a b i t . This would allow propulsion, though only with a slithering motion; but a forward turning of the distal part would allow a fixed tread and a free stride. This inturning would make it almost impossible for the second preaxial ray to develop at all because of interference from the first, and would bring the more distal preaxial rays across the line of the first preaxial ray ( figure 1 g, h ) . The loss of the second preaxial ray, and the inturning of the main axis in front of the first preaxial ray, were deduced also by Gregory & Raven (1941, figure 25 ), but the writer diverges Vol. 131. B.
from their scheme in accounting for several other parts of the limb skeleton. It has frequently been suggested (e.g. by Gregory & Raven 1941 ) that the digits are new formations in the tetrapod limb, and this view is in good agreement with the results of ontogenetic studies on living tetrapods (cf. Holmgren 1933 (cf. Holmgren , 1939 . The present work strongly supports the view that the digits (including phalanges, metapodials and the corresponding podials) are not represented in the rhipidistian paddle. I therefore propose to regard the tetrapod limb as composed of an podium (derived directly from the rhipidistian paddle) and a neopodium comprising the digits as defined above. The place of the prepollex (prehallux) and the postminimal elements in this scheme will be discussed later.
3. T h e p r im it iv e tet r a po d lim b
From this series of arguments it is easy to derive general schemes showing the transition from rhipidistian to tetrapod limbs; as shown in figure 2, there are several possible alternatives. In all, the old metapterygial axis runs through the tetrapod humerus (femur), ulna (fibula), intermedium, and two centralia (centrale proximale and centrale distale), and is directed distally between the podials of digits I and II. Two of these possible patterns are specially examined in this paper. According to one (figure 2 a ) the archepodium includes (i) separated postaxial processes, re presented by the ulnare (fibulare) and both postcentralia (for definition see below), and (ii) preaxial rays, now radius (tibia), the radiale (tibiale), and the precentrale (for definition see below), and the digits alternate in position with the distal elements of the archepodium. The other discussed possibility (figure 2 a ') is that the digits were originally linearly related to the more proximal elements; the radiale (tibiale) and precentrale are shown in the same axis of development as the radius, and may not therefore be derived from preaxial rays and may belong to the neo podium. This raises the suspicion that the postcentralia and ulnare (fibulare) may be similarly related to digits III-V, and may also be neopodial structures. For various reasons this does not seem to be very probable. A third pattern (figure 2 a ') is a compromise in which the digits are regarded as linearly related to elements of an archepodium essentially similar to that of figure 2 a . Another possible pattern, not illustrated, is similar to that shown in figure 2 a , but with the radiale and pre centrale considered as lying in the line of the radius as in figure 2 a " , and therefore possibly neopodial structures.
In the reconstruction at present favoured by the writer (figure 2 a ) the postaxial process of the humerus (femur) does not separate, but may become an important muscle attachment (entepicondyle of humerus); the similar processes of the more distal mesomeres separate as the ulnare (fibulare), proximal postcentrale and distal postcentrale. The preaxial ray of the first mesomere becomes the radius (tibia), that of the second is suppressed (cf. figure 1f-h). That of the third becomes the radiale (tibiale), and of the fourth the precentrale, though there are difficulties to be met in this interpretation. The new terms postcentrale and precentrale are here introduced for the elements currently known in living tetrapods and in Stegocephalia as follows (discussion later): Precentrale = element Y (centrale praepollicis or praehallucis) of Steiner (1921) and Holmgren (1933, etc. ). = centrale 1 of the stegocephalian carpus (Gregory & Raven 1941) and tarsus (Schaeffer 1941 ). Postcentrale proximale = centrale ulnare (fibulare) proximale (Steiner 1921; Holmgren 1933 , urodeles only). = centrale 4 of other tetrapods (Holmgren 1933). = (not separately present in known Stegocephalia). Postcentrale distale = centrale ulnare (fibulare) distale (Steiner 1921 ; Holm gren 1933, urodeles only). = centrale 3 of other tetrapods (Holmgren 1933). = centrale 3 of the stegocephalian carpus (Gregory & Raven 1941) and tarsus (Schaeffer 1941 ).
The remaining centralia (remains of the original axis) are here called simply centrale proximale and centrale distale, more strictly ' centrale axiale ' in each case;
Origin of tetrapod limb they are termed centralia radialia (tibialia) by Steiner and others, and are re spectively the ' centrale 1 ' and ' centrale 2 ' of Holmgren's notation in non-urodele tetrapods and 'centrale 4 ' and 'centrale 2' of Gregory & Raven (1941) and Schaeffer (1941) .
This theory is the only one that accounts for the fact that the radiale (tibiale) and precentrale often seem to originate in ontogeny, not as distal proliferations from the radius-anlage, but as side-branches from the main axis (cf. figures of Holmgren 1 9 3 3 , Steiner 1 9 3 4 , 1 9 3 5 (figure 3f), and figure 4 g , j of this paper). On the other hand, most urodeles seem to show these elements aligned with the radius even at an early stage of development, which may prove to be evidence against this part of the theory, and would agree better with the conditions in this region shown in figure 2 a " . However, there is reason to believe that in several vertebrate structures in which great changes in form and function can be proved (e.g. in the history of the mammalian jaw and ear-ossicles), organs or structures may come to lie in the embryonic field of influence of other organs or structures so that an intimate linear developmental connexion may occur, even where the ancestral organs or structures were quite independent. In this specific case there would be good mechanical reasons for a readjustment of elements in the final fashioning of the walking limb. Alternatively, of course, the shortening of the carpus and tarsus in higher tetrapods may have been accompanied by a rearrangement in which the radiale and precentrale became more closely connected with the old main axis.
Little material has been available to the writer for the first-hand examination of early stages of limb development in living tetrapods, but the figures of Holmgren (1933, 1939) , with those to which he refers, afford a fairly comprehensive atlas. Comparison with the stegocephalian limb is now more certain, since the new descriptions of the forelimb of Eryops (Gregory & R of Trematops and of Archegosaurus (Schaeffer 1941) . Comment on certain point raised by these works is incorporated in the following discussion.
(a)
The relations of the digits to the archepod Here the 'digit' is taken to include phalanges, metapodial and podial (carpal, tarsal). There is good evidence from embryology that the digit so defined is a single recognizable linear unit. In young stages of many tetrapods the blastematous rudiments of the digits are markedly separate from the rest of the developing limb skeleton, and one frequently gets the impression that the digital blastemas are more thoroughly separate on the radial (tibial) than on the ulnar (fibular) side. The outer (ulnar or fibular) side of the hand or foot sometimes shows the digital blastema apparently ' shading off ' proximally, lateral to the ulna or fibula. The relationship of the podials to the more proximal limb skeleton is interesting. Holmgren (1933, figures 37, 50, 51, 56) shows, in diagrammatic form, his view that the 'centralia are generally speaking in line proximally with the digits, though sometimes two digits may converge on a single central (cf. also figures 2 a ', a " of this paper). My own impression, derived from examination of actual material and of published figures of developmental stages of living forms, and of the stegocephalian limb, is that the carpalia or tarsalia primarily alternated with the proximal elements, keying between them. These factors find a reasonable interpretation if the digits are new formations in the tetrapods, primarily conditioned by the arrangement of the skeletal elements of the rhipidistian paddle after its modification to form the archepodium. This archepodium would bear on the flexible region where the mus cular lobe of the paddle passed into the web, as pointed out by Gregory & Raven
The mesoderm in which the digital blastemas form may have had little to do with the mesoderm of the main fin structure-there is evidence that it is postaxial mesoderm. Figure 2 a indicates the initial position of the possible digital rudiments on this basis; it will be observed that they are shown alternating with the postaxial processes (ulnare or fibulare, and the postcentralia), the distal axial centrale, and the precentrale; no element is shown between the precentrale and the radiale (tibiale) because of the mechanical conditions of this region, in which these elements are brought round in front of the radius or tibia. The prepollex (or prehallux) falls readily in series as a digit on this scheme. The fifth mesomere is shown with rudi mentary postaxial and preaxial rays or processes, and the rudiment of a sixth mesomere (cf. the conditions of the 3rd and 4th mesomeres of the pelvic fin of Eusthenopteron-Goodrich 1901; Gregory & Raven 1941, figure 33) , and all the known digits can readily be accommodated. The question of the postminimals and the pisiform will be discussed later.
On the alternative scheme outlined in figure 2 a " , the digits are in series with the more proximal elements, and the fifth mesomere needs merely to show incipient bifidity at the tip. The radiale (tibiale) and precentrale may be, on this scheme, new formations in tetrapods, with perhaps also the ulnare (fibulare) and postcentralia.
The embryological evidence of the distinctness of the digital blastemata suggests that the elements just mentioned are more intimately connected with the main axis. If, therefore, they are not part of the archepodium they should represent secondary proliferations of archepodial structures, distinct from the digits; the radiale and precentrale would then be related to the radius-anlage.
Such a view is certainly tenable, but it is less 'economical' and therefore (to my mind) less likely, and fails to explain the remarkable frequency of close develop mental connexion between the radiale (tibiale) and precentrale and the intermedium and axial centralia.
Several other possible schemes have been tried (e.g. with the radiale or tibiale and precentrale considered as preaxial rays associated with the 4th and 5th instead of the 3rd and 4th mesomeres), but these are for various reasons less satisfactory.
I therefore conclude, with Gregory & Raven, that the digital rudiments were initiated during the evolution of a walking limb, and are not derived from any part of the rhipidistian fin skeleton; but diverge from those authors on the constitution and origin of the region between the radius-ulna (or tibia-fibula) and the digits. This is essentially a difference of opinion concerning the extent of the neopodium.
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The nature of the prepollex (prehallux) and pisiform and postminimals is much discussed. Howell (1935) , for example, denies that these elements represent digits in ancestral tetrapods; but the prepollex (prehallux) is in full agreement with other digits in its general relationships, and may sometimes consist of two elementsone in the same row as podials 1-5, and a terminal element. It is best regarded as produced under developmental influences similar to those responsible for digits I-V of the usual nomenclature, but always weakly developed. The nature of the ' postminimals ' is less clear. In the feet of certain tetrapods (e.g. many urodeles, figure 4e , f ), there is a postminimal (sensu stricto) lying immediately lateral to the 5th tarsal, plausibly to be regarded as a ' sixth ' tarsal; there may also be a post postminimus which is closely related to the disto-lateral corner of the fibula. The latter may well be of no phylogenetic significance, a possible sesamoid. In the hand only one element is identified-the pisiform. In the ontogeny of some tetrapods (cf. Holmgren 1933 for figures) the pisiform appears to develop lateral to the ulnare, so that it is almost in line with the postaxial carpalia (e.g. in Telmobatius), whereas in most forms the pisiform is essentially wedged between the ulna and ulnare. It may therefore correspond in position either to the postminimus or to the post postminimus of the foot, and may be a secondary (sesamoid) development. There is also the possibility that it represents a true serial homologue of the carpal series in primitive forms (cf. perhaps a postminimus) which has become displaced and specialised in relation to muscular actions.
To sum up, the prepollex (prehallux), though often represented only by a 'precarpale' or 'pretarsale', is truly comparable with digits 'I-V ', though never so highly developed; but the nature of the various postminimal elements is much more doubtful, and only the true postminimus of the foot is really comparable with the tarsalia. It seems safest to regard the post-postminimus and pisiform as secondary developments, at least in their usual position and relations. On the basis of the scheme indicated in figure 2 a , the prepollex (prehallux) and post minimus can easily be understood as serial homologues of the digits, or at least of the podials, but it is noteworthy that the postminimus has no bar to proximal migration. The alternative schemes (cf. figure 2 , a ', a " ) also allow easy understanding of the prepollex as a digital homologue, but there is no place for a postminimus considered as a podial.
In the preceding paragraphs the relationship of the digits to the archepodium has been considered with special reference to the nascent walking limb. The placing and number of the digits seem, at this critical period, to have been determined by the structural and mechanical conditions in the limb imposed by the archepodial skeleton. But once a new region of skeletal differentiation had been produced (neopodium), it is probable that the archepodium (gradually removed from the critical bearing zone of the limb) would no longer exercise so complete a determina tive effect on the number and arrangement of digits. In other words, the onto genetic induction mechanisms determining the digital formula in more advanced tetrapods might come to have but little relationship to the biodynamic conditions determining the appearance of new skeletal structures in response to the first use of the fish paddle as a walking limb. The effect of reduction of the archepodium on the digits will be shown to favour this view.
(b) The stegocephalian limb structure
The most complete material so far described is mentioned above. The analysis of the Eryops forelimb by Gregory & Raven (1941, figure 27) seems to be open to some doubt (cf. figure 3 a ) , particularly on comparison with the excellent specimen of Trematops figured by Schaeffer (1941, figure 1 and figure 3 Trematops shows that the carpale labelled ' ? 5 + 4 ' corresponds so well to the 4th tarsale of Trematops, that a separate 5th carpale may well have been present if (as Gregory & Raven seem to suggest) there was a 5th digit. It is noteworthy that no living amphibian has a 5th digit in the hand, although Diplovertebron among fossil forms preserves it. Schaeffer's account of the Trematops foot is most illuminating; it seems fairly clear that, if a postminimus was developed, it articulated with the fibulare adjacent to tarsale 5. His figure and account of Archegosaurus (1941, p. 400, figure 2) show the same pattern, though it seems clear that he has mis interpreted part of the structure. He suggests that Archegosaurus 'presumably lacks centrale three', but his figure shows clearly that 'centrale 3 ' (i.e. postcentrale distale) is present, it is tarsale 5 that is missing (cf. the forelimb of Eryops!); the fragments regarded as belonging to the first digit are surely incorrectly identified. It is very highly probable, therefore, that the carpus and tarsus of these rhachitomous Stegocephalia were built on a similar plan. With two exceptions-the absence of a separate proximal postcentrale, and the loss of the distal axial element beyond the corpus of the 5th mesomere or distal axial centrale-this pattern corresponds closely to that deduced above (figures 2b, 3) . The position of the postcentrale proximale is occupied by the ulnare (fibulare), carpale (tarsale) 4 (or 4 + 5) and the centrale proximale, all of which are rather large. It is uncertain whether its rudi ment has fused with one of these elements or whether it has been lost; it is quite possible that it failed to differentiate from the main axis (cf. conditions in 4 normal ' and 4 abnormal ' Salamandrella, figure 4 e , f ). The reduction in the tip of t axis is continued in other tetrapods.
(c)
The basic pattern of the tetrapod carpus and tarsus Holmgren (1933 Holmgren ( , 1939 insists that the urodele limb shows a structure essentially different from that of other living tetrapods. He derives the former from ancestors with a biserial archipterygium (cf. Dipnoi), the latter from ancestors with a dichotomously arranged fin skeleton which he compares with Eusthenopteron and Sauripterus\ and he attempts to prove that the urodele pattern is not comparable with that of Stegocephalia, contrary to the usual views clearly stated, for example, by Steiner (1921 Steiner ( , 1934 Steiner ( , 1935 )-The entire basis of Holmgren's argument is removed by the recognition of the inturning of the mesomeral axis during the evolution of a rhipidistian paddle into a tetrapod limb, and the urodeles actually retain, better than most other living tetrapods, primitive characters shown also in the stegocephalian limbs. Many urodeles show important modifications:
(i) The main axis may be further shortened by loss of the centrale distale, as in Cryptobranchus and Megalobatrachus, or by even greater reduction (e.g. Necturus, Amphiuma, Proetus).
(ii) There is a marked tendency for reduction of the postcentralia, which often occur only as abnormalities (discussed below).
It is also rather characteristic of urodeles that the radiale and pre centrale appear to be parts of the radial ray; this point needs further detailed work before its significance can be assessed (above, pp. 380, 381, and cf. figure 2 a "). With regard to the first two points, it is very noteworthy that, except in extreme cases, the re duction in the axial and postaxial centrals is not accompanied by significant modification of the digits. This is doubly important, since it confirms the inde pendent nature of the digital anlagen, and also shows that the absence of traces of the sixth mesomere and distal processes of the 5th in known tetrapods is not a bar to the acceptance as primitive of conditions shown in figure 2 a .
The distribution of 'abnormal' elements in the carpus and tarsus of urodeles can be worked out from the examples collected by Holmgren (1939) :
(a) In those urodeles with normally only one axial centrale the commonest abnormality is a separate centrale distale. There is not necessarily any disturbance of the digital formula in consequence.
(b) Additional 4 centralia ' (s.l.) , if present, occur on the postaxial side of the axial row (intermedium-centrale axiale proximale-centr'ale axiale distale) and are postcentralia.
(c) These postcentralia, wherever their development is known, are intimately connected with the axial series.
(d) Out of nineteen figured examples with accessory centralia, a post-centrale lies proximal to podialia 3-4 in fourteen cases, proximal to 4 or 4-5 in seven cases; the former is the theoretical position of a distal, the latter of a proximal, postcentrale.
(e) The proximal postcentrale typically meets ulnare (fibulare), intermedium and centrale proximale; the distal postcentrale typically meets the proximal postcentrale (if developed, otherwise the ulnare or fibulare) and the two axial centralia.
Each postcentrale in, for example, Salamandrella (figure 4e , f ) may be either a true outgrowth of the corresponding axial centrale, or borne, with that element, by the next proximal element of the axis, as the ulna bears ulnare and intermedium. Schmalhausen's plates (1910) show more evidence for the latter possibility than do Holmgren's line drawings copied from the same work.
It is quite clear that these 4 abnormalities ' of the urodele limb express the same morphogenetic pattern as that responsible for the stegocephalian carpus and tarsus; and in both groups there is a marked tendency to lose the proximal post centrale before the distal, as compared with the hypothetical ancestral condition.
In other living tetrapods, as clearly shown by the work of Steiner (1921 Steiner ( , 1934 Steiner ( , 1935 , Holmgren (1933 Holmgren ( , 1939 , and others, a general pattern involving a similar number of elements can be perceived, i.e. there are four centralia in addition to the precentrale. There is often much cause for argument in the determinations made by various workers, and a brief note is desirable. The anuran foot is highly special ized, but in the hand the radiale and precentrale ('element y') are best understood as preaxial branches of the axial row, turned over the distal end of the radius (figure 4 g ). The 'centralia 1 and 2' (Holmgren 1933) represent the main axis, ' centralia 3 and 4 ' being postcentralia. In the birds also there is great specializa tion, but in nearly all other tetrapods there is a very striking resemblance between the pattern of hand and foot of the same animal at early stages. In the Chelonia the digits are often markedly distinct from the splayed-out limb-stem. The de scriptions of Chrysemys given by Holmgren (1933) and Steiner (1934) are in good agreement, but the element regarded as prepollex by Holmgren (figure 4 h) is identified as radiale by Steiner. In Sternothoerus (Holmgren 1933, figure 66 ) the so-called ' C 2 ' may really be a radiale or precentrale, because Holmgren's ' C 3 ' has the same relations as ' C 2 ' in other forms. In lizards without reduced limbs (Holmgren 1933 ; Steiner 1922, figure 9 ) the main axis (with intermedium and axial centralia) directed towards digits I-II is sometimes easily seen, though detailed interpretation is open to question in other cases (a very tentative reinterpretation of Agama is given in figure 4 i). The crocodilian hand and foot also shows essentially the same pattern, with probably two post-centralia (as interpreted by Steiner 1934 and Holmgren 1933) and with the radiale or tibiale intimately connected with the main axis. However, the ' C 2 ' element of their nomenclature is medial (radial or ulnar) to the proximal end of digit I, and ' C 3 ' has the correct relationship for the centrale distale; it is therefore possible that the former is really a precentrale, though in view of the structural modifications noted in some lizards mere topo graphical relations may be inadequate for proof. In . N ote po stcen trale distale, e , f , norm al a n d 'a b n o rm a l' feet of th e urodele Salamandrella (after Schm alhausen). I n th e la tte r n o te se p a ra te p o stcen tralia. G, h an d of th e an u ran Pelobates. N ote radiale a n d p recen trale as b ranches o f axial region, h , h a n d of th e chelonian Chrysemys marginata. 1, h a n d of th e lacertilian A gam a colonorum. j , h an d of th e m am m al M us. The nom enclature of th e cartilage elem ents is m odified from th a t of H olm gren in conform ity w ith th a t used in th is p ap er. (F or ex p lan atio n see legend to figure 1.) digital blastemas are again markedly separate, and the main axis, curving round in front of the radius (tibia) towards digits I-II, is quite clearly seen, with the radiale as a preaxial branch (figure 4j ). Holmgren's account offers one difficulty, his C 3 is intercalated between what should be (by his nomenclature) adjacent members of the axial series. This may be true, because minor readjustments of pattern must be expected during adaptation to new structural conditions (cf. Agama, as interpreted by Holmgren 1933, figure 73 ), but it is rather probable that the element identified as fused £ intermedium and proximal centrale5 may really be the intermedium alone, and that his £ C 3 ' is really the centrale proximale, so that the postcentrale distale would have disappeared or failed to differentiate from the central axis (figure 4 j ). Confirmation may be obtained from the foot, when the fibulare and postcentrale proximale have the same relationship to the intermedium as the corresponding elements have to the 'intermedium and proximal centrale' in the hand (cf. the close resemblance in the pattern of the skeletal anlagen of carpus and tarsus in general). It may therefore be accepted that the general plan of the amniote limb which appears in the works of Steiner and Holmgren is (with possible minor exceptions) correctly established. In the present interpretation there may be recognised a series comprising an intermedium-centrale proximale-centrale distale, directed from the ulna towards digits I and II, 'preaxial' rays forming radiale and some times a precentrale; and postaxial elements forming the ulnare (fibulare) and sometimes two postcentralia. This pattern, though often greatly modified, is essentially the same as that of urodeles and Stegocephalia, contrary to the belief of Holmgren, and this pattern can be derived immediately from the rhipidistian paddle. The complete similarity in the structure of pectoral and pelvic limbs im plies that the pectoral and pelvic fins of the ancestral rhipidistian fishes must have had similar numbers of mesomeres and rays.
The two theories outlined in figure 2 a , a " are both very simple, but the first, which is favoured by the writer, involves very little change of the rhipidistian paddle, and the addition only of structures which are clearly distinct in tetrapod ontogeny. It may be over-simplified, but the main points-the main axis extending towards digits I-II, and the separation of the ulnare (fibulare) and postcentralia from the main axis-are based on very substantial evidence. The nature of the radiale (tibiale) and precentrale is more dubious. Because the radiale (tibiale) and precentrale appear to branch from the axis in very many tetrapods-conditions not otherwise easily explicable-the first theory (figure 2 a , or its modification figure 2 a ') is deliberately put forward in preference to the second (figure 2 a " ) , in spite of the apparent contradiction provided by urodeles.
The first theory also explains satisfactorily many peculiarities of the stegocephalian limb; some of these are also corollaries of the second theory, and of that of Gregory & Raven (1941) , which in part closely resembles the present schemes:
(i) The rotation of the proximal segment of the limb during the stride, shown for example in the screw-shaped glenoid articulation of the primitive tetrapod humerus (Watson 1917) , is apparently directly comparable with the axial rotation of the rhipidistian paddle during its movement from the abducted to the retracted position ( figure 1 and p. 377) . A similar movement affects the femur. In the most primitive tetrapods the fore-and hind-limbs were essentially alike, with their in of tetrapod limb proximal elements directed laterally. In most tetrapods the elbow is directed back wards and the knee forwards, but this is a secondary modification.
(ii) The distal end of the primitive tetrapod humerus closely resembles that of the 'humerus' of rhipidistia in which the epicondylar processes, with the ulna articulating between them, and the radius articulating with the ectepicondylar side, can be recognized. The pelvic limb has not a well-developed entepicondyle, a difference which should afford an interesting problem in locomotion mechanics.
(iii) The ulna (fibula) is always shorter than the radius (tibia) in primitive tetra pods, as in rhipidistia.
(iv) As emphasized by Gregory & Raven, the proportions of the limb in more primitive tetrapods approach those in rhipidistia. The archepodium beyond the ulna (fibula) becomes greatly shortened in later forms.
(v) The combination of a fixed tread and the rotation of the proximal element of a rhipidistian paddle undergoing the movements of a tetrapod limb would produce precisely the same twisting of radius and ulna (or tibia and fibula) as that cha racteristic of the normal primitive tetrapod. This twisting is well shown by Schaeffer's (1941) figure 3 , but in his figure the ulna should lie above and behind the radius in the right forelimb of the urodele, not below and in front of it.
(d)
The segmental nature of the rhipidistian paddle and the tetrapod lim The rhipidistian paired fin has often been compared with that of primitive sharks (e.g. Cladoselache,. Cladodus, etc.; cf. Moy-Thomas 1936 , 1939 . Each consists of a series of cartilaginous rays or radials (ossified in rhipidistia) borne on a correspond ing series of elements forming a metapterygial axis. The metapterygial axis in sharks seems to be composed merely of separate proximal (basal) elements, each basal and radial being related to a single myotome in the manner made familiar by Goodrich. The most primitive sharks show that the whole fin may have been a lateral keel; it became freed by a posterior embayment between the metapterygial axis and the body wall. It is, therefore, not unreasonable to suppose that a very primitive rhipidistian may also have had keel-like fins which became mobile in the same way. This receives some confirmation from consideration of the small number of segments involved in rhipidistian fins-five mesomeres (basals) and radials in the pectoral of Eusthenopteron, four in the pelvic, and four (? five) in the pectoral of Sauripterus, each mesomere and radial presumably related to one myotome.* In the shark fin there may be a few anterior and posterior myotomes involved to such a small extent that they do not contribute to the skeleton or skeletal muscle, and one would expect the same to be true in rhipidistia and in primitive tetrapods. Moreover, each myotome is motor innervated mainly by one spinal nerve, with * M o y -T h o m a s (1 9 3 6 ) h a s s u g g e s te d t h a t t h e p a ir e d fin s a n d so m e o f t h e m e d ia n fin s o f c r o s s o p te r y g ia n s a r e so s im ila r t h a t t h e y w e re p r o b a b l y fo r m e d b y t h e f a m ilia r m e t h o d o f b a s a l c o n c e n t r a ti o n o f r a d i a l e le m e n ts . I a m u n a b le t o se e m o r e t h a n a s u p e r fic ia l s im ila r ity b e tw e e n t h e p a t t e r n s ; in E u sth e n o p te ro n , w h e re b o t h p a ir e d a n d m e d ia n fin s k e le to n s a r e k n o w n , t h e p a t t e r n s a r e q u i t e d if fe re n t. minor contributions from the two adjacent nerves. In all living tetrapods for which I have been able to get information the brachial plexus is drawn from never more than six spinal nerves, usually from five, sometimes from as few as three; and the cutaneous (sensory) innervation is related to about eight or fewer spinal nerves. The pectoral fin of Eusthenopteron would presumably have motor innervation from six or seven spinal nerves, and in view of the distal reduction of representatives of the rhipidistian paddle in the archepodium this evidence favours the recognition of the mesomere + radial as related to a single myotome bud in rhipidistia.
In living sharks there is a great range in the number of myotomes contributing to each concentrated paired fin (cf. Goodrich 1930) , and normally the number in the pectorals differ from that in the pelvics. In Rhipidistia variation is present even in the few types known. Eusthenopteron has five mesomeres in the pectoral, four in the pelvic (the most 'distal' or posterior being rudimentary), and Sauripterus has apparently only four in the pectoral. As suggested above, the prototetrapod type probably had six (five fully developed and one rudimentary) in each fin. This is a further strong point favouring the unique and monophyletic origin of the known tetrapods (cf. Westoll 1943).
The tetrapod digits are apparently mostly 'postaxial', as emphasized by Gregory & Raven. There are two obvious possible sources of their material-by outgrowth from adjacent mesoderm of the archepodium, or by migration of material from elsewhere, presumably down the 'postaxial' margin of the developing limb. In the first case changes in the carpus or tarsus would be expected to be invariably associated with profound changes in the number and arrangement of digits, but this is by no means the case. The other possibility affords a direct explanation of some peculiarities in the segmental motor innervation of the muscles of the hand and foot, and is in good agreement with the observed conditions during ontogeny.
In the rhipidistian paddle there were probably flexor and extensor muscles moving each radial on its basal mesomere, and moving adjacent segmental struc tures on one another. Presumably the muscular derivatives of each myotome would be innervated from one spinal motor root, with probably minor contribu tions from the two adjacent spinal nerves. The muscles of each mesomere-radial unit should be supplied mainly from the spinal nerve cephalad to that supplying the next most distal unit. In tetrapods this condition must be greatly modified by the new structural immobility of the distal part of the archepodium and by its partial reduction, and by the probable migration of muscle attachments. I do not have access to any account of the segmental motor innervation of the limb muscles except in Homo, in which great modification is to be expected-particularly in the lower extremity, in consequence of the assumption of a bipedal gait. In the upper extremity the muscles may be grouped according to their attachments, as shown in Table 1 T a b l e 1. S e g m e n t a l m o t o r -i n n e r v a t i o n o f m u s c l e s o f a n t e r i o r Gray's Anatomy, slight differences are shown in the latest edition of Cunningham (1942) . In each case the small muscles of the hand are said to be innervated from other sources (cervicals 6, 7 and 8) besides the first thoracic, but the clinical evidence for the entire motor innervation through T 1 is apparently strong, and is here accepted. It would be very valuable to discover experimentally the seg mental motor innervation of the less specialized limbs of lower tetrapods. It would be expected, on the basis of the preceding argument, that the innerva tion of groups III and IV should be the same, since humerus and radius are pre sumably derived from one 'segmental' unit, and this is found to be the case. The ulna represents a more distal (i.e. posterior) segmental unit, and group V shows unmistakably a more caudad innervation. Group VI should represent muscles from the distal part of the archepodium which have acquired distal attachments to the digits, and again there is a more caudad innervation of the flexors, though the extensors have the same innervation as group V. Finally, group VII shows the most caudad innervation of all. Omitting the small muscles of the hand, there is only a range of about four segments indicated by the nerve supply to the muscles of groups III-VT, which may be compared with a probable range of six (seven or eight including minor contribution from adjacent spinal nerves) in the ancestral rhipidistian; this is in accord with expectations (above, pp. 383, 384) . It also seems highly probable from this evidence that the digits may have formed from a c postaxial ' inflow of mesoderm in the developing limb-buds of the ancestral tetrapods.
The hindlimb is much more complicated in Homo, but a somewhat similar arrangement can be made out without difficulty. Full discussion would require, besides analysis of homologies by the usual methods, much further information concerning the segmental motor innervation of more primitive tetrapod types. Meanwhile it appears that the present theory is not contradicted by what is known of the varied segmental innervation of limb muscles, and in particular it explains the remarkable fact that all digits seem to have their motor innervation from the most caudad spinal nerves of the limb plexus.
Finally, since the dipnoan and coelacanth fins have been used by previous authors in the comparison with tetrapods, it seems desirable to comment on them. The coelacanths originated in the upper Middle or lower Upper Devonian; the writer has material of a fish, from the basal Upper Devonian of Canada, which has a coelacanth head and squamation but a body form and median fins showing more or less normal rhipidistian conditions. It seems reasonable to assume that the coelacanths are rhipidistian derivatives, and the structure of their pectoral and pelvic fins shows that the ' radials ' are mostly lost, the fin skeleton consisting essentially of the mesomeral axis (cf. Stensio 1932; Moy-Thomas 1937) . The Dipnoi appear to have diverged, perhaps in the early Devonian, from the stock which gave rise also to the Rhipidistia. Early members show the paired fins com paratively more elongated and narrow than in osteolopids, and the narrowing becomes more obvious in later forms. In Scaumenacia there is some evidence that the preaxial edge of the pectoral fin. was directed medio-ventrally when the fin was in the trailing position along the ventral flank; this orientation is the same as that in rhipidistia. In the living Epiceratodus the preaxia directed dorsally, perhaps a consequence of the much more dorsal position of the fin on the flank. The internal skeleton of the paired fins is not known in any early dipnoan. The ' Ceratodus' type with its long series of axial elements, a and postaxial 'radials', bears to the rhipidistian paddle a somewhat similar re lationship to that between the Pleur acanthus and c postaxial 4 radials ' may be regarded as secondary developments. The number of axial elements in the pectoral and pelvic fins together may, in well-grown living Dipnoi, exceed the number of pre-anal myomeres, and it is therefore highly prob able that the long segmented axis is a secondary modification. This is an example of 'secondary polyisomerism' (Gregory's term) . It is possible that such a fin was derived from a form with a comparatively short axis like that of Rhipidistia.
The somewhat similarly proportioned elongated fins of holoptychiids may be a parallel development, but their structure is not known.
My colleagues in the Department of Anatomy have been most kind in discussing with me some of the problems outlined above. This paper is largely dependent on the results of work done in the U.S. A. and Canada in 1937 with the aid of grants from the Royal Society and the J. B. Tyrrell Fund of the Geological Society of London, and of work on the Devonian fishes of Scotland aided by a grant from the Daniel Pidgeon Fund of the latter Society; for these grants, grateful acknowledge ment is made.
